Purpose: Germline variants in double-strand DNA damage repair (dsDDR) genes (e.g., BRCA1/2) predispose to pancreatic adenocarcinoma (PDAC) and may predict sensitivity to platinum-based chemotherapy and poly(ADP) ribose polymerase (PARP) inhibitors. We sought to determine the prevalence and significance of germline cancer susceptibility gene variants in PDAC with paired somatic and survival analyses.
INTRODUCTION
As the third leading cause of cancer-related death in the United States, 1 pancreatic ductal adenocarcinoma (PDAC 260350) is a disease for which novel approaches to risk assessment, early detection, and treatment are critically needed. Deleterious germline variants in double-strand DNA damage repair (dsDDR) genes, including BRCA1, BRCA2, ATM, and PALB2, have been linked to inherited risks of PDAC. 2 In addition, several other high-penetrance cancer susceptibility genes/syndromes have also been linked to increased lifetime risks of PDAC: APC in familial adenomatous polyposis, CDKN2A in familial atypical multiple mole/melanoma syndrome, STK11 in Peutz-Jeghers syndrome, TP53 in Li-Fraumeni syndrome, and MLH1, MSH2, MSH6, PMS2, and EPCAM in Lynch syndrome. 2 Recent data [3] [4] [5] [6] [7] have demonstrated that 3.8-7.4% of PDAC cases harbor germline cancer susceptibility gene variants and that classic high-risk features (e.g., young age at diagnosis, family history of PDAC or other cancers) [5] [6] [7] [8] have poor sensitivity in identifying PDAC patients with inherited risk. Diagnosing such germline variants can facilitate cancer prevention and increase early detection by signaling the need for enhanced surveillance and risk-reducing interventions in pathogenic variants carriers and their healthy relatives. 9 Furthermore, germline testing has growing therapeutic implications for individuals with advanced cancer, given the effectiveness of poly(ADP) ribose polymerase (PARP) inhibitors in patients with inherited pathogenic variants in dsDDR genes [10] [11] [12] and anti-PD-1 antibodies in patients with Lynch syndrome-associated cancers. 13, 14 The preventive benefits for at-risk relatives and suspected therapeutic implications of these germline variants have prompted calls for systematic germline testing in all individuals with PDAC, regardless of age at diagnosis or personal/family cancer history. 5, 9, 14 For PDAC patients with germline cancer susceptibility gene variants, however, the fate of the wild-type allele within the tumor has not been rigorously evaluated. The status of this allele has great importance in determining the functional impact of an inherited susceptibility variant within the tumor and therefore is highly relevant to determining the causality of germline variants and in guiding therapeutic decision-making. To address these important knowledge gaps, we used a customized next-generation sequencing panel to identify germline variants among 24 cancer susceptibility genes with paired somatic sequencing and survival analyses in nearly 300 PDAC patients.
MATERIALS AND METHODS

Study population
The study population comprised 289 patients with resected PDAC seen at Dana-Farber/Brigham and Women's Cancer Center (DF/BWCC; Boston, MA; n = 93) between 26 Institutional review board approval was granted at each institution and all participants provided written informed consent for participation. Clinicopathologic data were collected from medical records, including sex, age at PDAC resection, race, perioperative chemotherapy/radiotherapy, tumor location, stage, histologic grade, lymphovascular invasion, resection margin status, recurrence pattern, and personal/family cancer history.
Germline DNA sequencing and interpretation
To study genes known or suspected to play a role in PDAC biology, we built a customized next-generation sequencing panel (Supplemental Methods). Analysis of germline variants was restricted to 24 genes linked to inherited cancer risk, including those related to dsDDR (ATM, BRCA1, BRCA2, BRIP1, CHEK2, NBN, PALB2, RAD50, RAD51C, and RAD51D), Lynch syndrome (MLH1, MSH2, MSH6, and PMS2), and other cancer susceptibility pathways (APC, CDH1, CDK4, CDKN2A, POLE, PRSS1, PTEN, SMAD4, STK11, and TP53). Detection of single-nucleotide variants (SNVs) and small insertions/deletions in these genes was performed using the GATK HaplotypeCaller. Only variants assigned a quality score of ≥30 were included. Germline variants were annotated using Variant Effect Predictor and filtered by the "Best Effect" classification to include only variants of the following types: missense, frameshift, splice_donor, nonsense, splice_acceptor, inframe_del, inframe_ins, and initiator_codon. Variants present in the National Heart, Lung, and Blood Institute (NHLBI) GO Exome Sequencing Project or the Exome Aggregation Consortium at >1% overall population frequency were excluded. A molecular genetic pathologist (J.A.N.) manually reviewed and confirmed all germline variants by direct inspection of sequencing data using Integrative Genomics Viewer. 15 All germline variants were confirmed in the matched somatic DNA sample when analyzed in an unpaired (tumor-only) mode against an unrelated reference sample.
The pathogenicity of all identified germline variants was evaluated with Alamut Visual (http://www.interactivebiosoftware.com/alamut-visual/) and according to published guidelines from the American College of Medical Genetics and Genomics (ACMG) and the Association for Molecular Pathology. 16 All null (nonsense, frameshift, canonical ±1 or 2 splice sites, initiation codon, single-or multiexon deletion) variants and missense variants with supporting evidence as described by the 2015 ACMG guidelines were considered pathogenic or likely pathogenic (P/LP). Supporting evidence for pathogenicity of specific germline variants was assessed by two cancer genetics experts (M.B.Y. and A.B.C.), who evaluated each variant against available data in ClinVar (http://www.ncbi.nlm. nih.gov/clinvar/) and the published literature as standards for interpretation. Three well-described low-penetrance variantsthe APC p.I1307K Ashkenazi founder variant 17 (associated with modestly increased lifetime risks of colorectal cancer) and the CHEK2 p.I157T and p.S428F variants 18 (associated with modestly increased lifetime risks of breast cancer)-were classified as pathogenic for the purposes of this study (Table  S1 ). For all other variants with conflicting pathogenicity interpretations, the most conservative pathogenicity classification was assigned (i.e., variants categorized as both likely pathogenic and variant of uncertain significance on ClinVar were considered variants of uncertain significance in this analysis). All germline variants considered pathogenic or likely pathogenic (P/LP) were reported.
Somatic sequencing and tumor testing
Somatic analyses 19 (Supplemental Methods) were performed to determine whether tumors with P/LP germline variants harbored a somatic alteration (second hit) in the affected gene. Prior to analysis for somatic second hits, all somatic samples were confirmed to contain an adequate tumor content for reliable detection of additional somatic mutations in the gene(s) in which a germline variant was detected. Patients with P/LP germline variants were considered to have a second hit if (1) somatic sequencing detected a deleterious alteration (e.g., nonsense or frameshift sequence alterations, single-copy deletions, or copy-neutral loss of heterozygosity) in the gene altered on germline sequencing; (2) immunohistochemistry (IHC) showed absent/abnormal expression of the protein produced by the gene altered on germline sequencing (Lynch syndrome, CDKN2A, and TP53 carriers); or (3) the tumor was found to have high-level MSI (MSI-H) or mismatch repair deficiency (MMR-D) by IHC for MLH1, MSH2, MSH6, and PMS2 (Lynch syndrome carriers). For microsatellite instability analysis, DNA from paired tumor and normal tissue was analyzed using five markers (D2S123, D5S346, D17S250, BAT25, BAT26). 20 We also classified tumors by status of four driver genes commonly altered in PDAC (KRAS, TP53, SMAD4, CDKN2A) by somatic sequencing and IHC (Supplemental Methods).
Outcome measures
Disease-free survival (DFS) was assessed using the time elapsed between surgery and the date of first PDAC recurrence. Patients who died without definitive evidence of recurrent disease were censored for DFS analyses on the date of last clinical contact. Overall survival (OS) was defined as time between surgery and date of death. Follow-up continued through 28 June 2016 for DF/BWCC, 17 March 2016 for URMC, and 11 March 2016 for SCI. Participants found to have metastatic disease at the time of PDAC resection (n = 7) and those with 30-day and/or in-hospital postoperative mortality (n = 10) were excluded from DFS and OS analyses ( Figure S1 ). Details on adjuvant therapy, palliative therapy, and disease progression were obtained from medical record review ( Figure S2 ).
Statistical analysis
Associations of P/LP germline variants with clinicopathological characteristics were analyzed using the Fisher exact test and the Wilcoxon rank-sum test for categorical and continuous variables, respectively. We evaluated the associated of P/LP germline variants with DFS and OS using multivariable-adjusted Cox proportional hazards regression, calculating hazard ratios (HR) and 95% confidence intervals (CI). Cox regression models were adjusted for prognostic factors and potential confounding covariates, including age at surgery, sex, tumor location (head/uncinate, body, tail, other); resection margin status (R0, R1, R2, Rx); perioperative chemotherapy (yes, no); perioperative radiotherapy (yes, no); institution (DF/BWCC, URMC, SCI); and year of surgery. We verified the proportionality of hazards assumption by evaluating time-dependent variables of the crossproduct of each exposure of interest and time. DFS and OS were presented using Kaplan-Meier curves, from which median and 2-year survival rates were calculated. All P values were two-sided and considered statistically significant at <0.05. Statistical analyses were performed using SAS software (version 9.4, SAS Institute).
RESULTS
Twenty-eight (9.7%; 95% CI 6.5-13.7%) of the 289 study patients carried P/LP germline variants in ≥1 of the 24 genes analyzed ( Table 1) . Median patient age at surgery was similar among patients with and without germline variants (66 years versus 67 years, respectively; P = 0.77). Individuals with P/LP germline variants were more likely than those without germline variants to have a primary tumor in the pancreatic tail (39% vs. 12%, respectively; P = 0.01). There was no significant difference in the presence of somatic alterations in KRAS, CDKN2A, SMAD4, or TP53 between individuals with and without germline cancer susceptibility gene variants (all P ≥ 0.13; Tables S2 and S3) .
Twenty-one (7.3%) of the 289 study participants carried P/ LP germline variants in dsDDR genes ( Fig. 1 ), including 7 (2.4%) with BRCA1 or BRCA2 variants (one with a concurrent APC variant) and 14 (4.8%) with other dsDDR gene variants,
, and RAD51C (N = 1). Three (1.0%) patients carried variants consistent with Lynch syndrome (1 MSH2, 2 MSH6), and 4 (1.4%) had variants identified in other cancer susceptibility genes (1 APC p.I1307K, 2 CDKN2A, 1 TP53).
Of the 28 patients with P/LP germline variants, 6 (21.4%) had a family history of PDAC and 16 (57.1%) had a personal history of another cancer, including 5 (17.9%) each with colorectal and breast cancer ( Tables 2,3 ). However, of the 7 patients with P/LP BRCA1/2 variants, none had a personal history of BRCA1/2-associated (breast, ovarian, or prostate) cancer and only 4 (57.1%) had a family history of these cancers in first-or second-degree relatives. Only one (33%) of the three Lynch syndrome carriers had a personal/family history of Lynch syndrome-associated cancer.
Somatic sequencing and IHC/MSI tumor testing was performed to evaluate for a second hit in the tumors of patients with P/LP germline variants. Somatic sequencing data were adequate for evaluation of second hits for all patients with P/LP germline variants, except for one individual with a P/LP germline BRCA2 variant. Twelve (44.4%) of 27 patients' tumors had evidence of a second hit, including 3/6 (50.0%) with BRCA1/2 variants, 6/14 (42.9%) with other dsDDR gene
) with Lynch syndrome, and 2/4 (50.0%) with other germline variants (1/1 APC p.I1307K, 0/2 CDKN2A, 1/1 TP53; Figure S3 ).
In multivariable adjusted Cox proportional hazards models, individuals with any P/LP germline variant had superior OS (adjusted HR 0.54; 95% CI 0.32-0.91; P = 0.02), compared with noncarriers ( Fig. 2) . This association appeared to be driven primarily by individuals carrying P/LP germline dsDDR gene variants, who had significantly longer OS compared with noncarriers (HR 0.54; 95% CI 0.30-0.99; P = 0.05) with a median OS of 34.4 months versus 19.1 months for noncarriers, and a 2-year OS rate of 65.0 vs. 39.5% for noncarriers. No significant difference was identified in DFS for those with P/LP germline dsDDR gene variants, compared with noncarriers (HR 0.78; 95% CI 0.42-1.44; P = 0.43). Among the subset of 13 individuals with P/LP germline dsDDR gene variants who developed recurrent/metastatic disease, there was a nonsignificant trend toward improved OS among the 5 who received oxaliplatin-based chemotherapy versus the 8 who did not (median OS 20.9 months vs. 14.4 months; HR 0.59; 95% CI 0.17-2.13); none received other platinum agents. Two of the 3 Lynch syndrome probands were alive >90 months after PDAC resection, including one MSH2 proband with prolonged disease control for >7 years after developing distant metastases. None of the individuals with P/LP germline variants received treatment with PARP inhibitors or anti-PD-1 antibodies during the study period.
DISCUSSION
In this multicenter study of 289 patients with resected PDAC who were not preselected for age or personal/family cancer history, targeted germline analysis of 24 genes related to inherited cancer predisposition revealed P/LP germline variants in nearly 10% of patients, including 7.3% of patients with variants in genes related to dsDDR. Compared with noncarriers, individuals with germline dsDDR gene variants in this study had superior overall survival after PDAC resection. Intriguingly, however, fewer than half of the PDAC probands with germline cancer susceptibility gene variants in this study had an identified somatic second hit in the wild-type allele of the tumor.
While other recent studies have similarly examined the prevalence and spectrum of germline variants in PDAC patients, our findings provide novel insight on the somatic, therapeutic, and prognostic consequences of such germline alterations. Importantly, unlike most other forms of cancer, the vast majority of PDAC patients, even those who present with early-stage disease, will ultimately require palliative systemic therapy, and knowledge of germline status increasingly has the potential to guide treatment decisions. Building upon successes in BRCA1/2-associated breast, ovarian, and prostate cancer, 11, 21, 22 early-phase studies 23, 24 of single-agent PARP inhibitors in BRCA1/2-associated PDAC have shown durable responses, and an ongoing large, randomized trial (NCT02184195) is evaluating maintenance olaparib in PDAC patients with germline BRCA1/2 variants. PARP inhibition has also shown benefit in advanced prostate cancers in patients with germline ATM variants, 22 suggesting that alterations in other dsDDR genes beyond BRCA1/2 may predict for PARP inhibitor sensitivity. Additionally, anti-PD-1 anitbodies can benefit patients with Lynch syndrome-associated cancers (including PDAC), 13 and pembrolizumab was recently FDA-approved for treating patients with advanced MSI-H/MMR-D cancers. Intriguingly, the identification of somatic BRCA2 alterations in MSI-H cancers, 25 as well as data demonstrating increased immune activation and high neoantigen loads in PDAC with defective dsDDR 26 have raised speculation about therapeutic synergy for PARP and PD-1 inhibition in both Lynch-and dsDDR-associated cancers.
Although most of the P/LP germline variants identified in this study were in genes previously linked to inherited PDAC susceptibility (e.g., BRCA1/2, ATM, PALB2, DNA mismatch repair genes), only about half of such carriers had a confirmed second hit on paired somatic analyses. While some somatic second hits may have occurred through other forms of allelic inactivation that would have gone undetected in this analysis (e.g., hypermethylation), this finding raises critical questions about whether each of these germline variants were truly causative of the individual's PDAC. Furthermore, many PDAC patients with germline BRCA1/2 variants have not had tumor responses to PARP inhibitors in early-phase studies. 23, 24 These modest response rates could potentially be due to tumors lacking somatic second hits and thus having proficient homologous recombination (HR) machinery, such that germline status alone may be insufficient for determining sensitivity to PARP inhibitors in PDAC While none of the carriers identified in this study underwent treatment with therapies specifically tailored toward their germline status (e.g., PARP inhibitors or anti-PD-1 antibodies), we observed a nonsignificant trend toward superior OS for individuals with dsDDR variants who received oxaliplatin-based chemotherapy after disease recurrence. Such findings complement those from a recent single-institution analysis of 29 stage III/IV PDAC patients with germline BRCA1, BRCA2, or PALB2 variants and 58 matched controls which demonstrated that such germline variants significantly predicted for improved OS among individuals treated with oxaliplatin-or cisplatin-based chemotherapy. 27 Another study of 24 BRCA1/2 carriers and 49 matched controls with early-stage/resected PDAC 28 likewise reported a nonsignificant trend toward superior DFS in BRCA1/ 2 carriers versus controls among those who received platinum- based adjuvant/neoadjuvant chemotherapy. A recent singleinstitution analysis of 91 stage III/IV PDAC patients similarly found a nonsignificant trend toward improved progression-free survival (but not OS) among individuals with high HR deficiency scores (as determined by a commercial functional assay) treated with oxaliplatin-based chemotherapy (FOLFIR-INOX) versus those with low HR deficiency scores, regardless of whether they harbored a known germline BRCA1/2 variant. 29 Our findings in conjunction with these prior data support the notion that germline dsDDR variants may predict for improved response to platinum-based chemotherapy, although the small number of carriers and heterogeneous treatment regimens in each of these studies have resulted in limited power to define this predictive benefit conclusively.
Beyond the potentially predictive impact of germline status in PDAC, however, our data demonstrate the prognostic value of germline dsDDR variants in PDAC, because such carriers had significantly superior OS versus noncarriers, regardless of treatment status. Further clinical trial outcomes examining whether PARP inhibitors, PD-1 inhibitors, and other agents targeted toward germline status can further improve these outcomes are eagerly anticipated.
In addition to the therapeutic and prognostic considerations for PDAC probands themselves, identifying germline variants is also critically important for at-risk relatives, who can undergo genetic testing followed by appropriate cancer risk-reducing interventions (e.g., colonoscopies in Lynch syndrome; salpingooophorectomy in BRCA1/2 carriers). 9 Recent data have also suggested potential benefit to regular PDAC screening with endoscopic ultrasound and MRI in such families. 30, 31 The overall 9.7% prevalence of P/LP germline cancer susceptibility gene variants in our study is higher than the 3.8-7.4% range observed in prior studies of systematic germline testing in other cohorts of PDAC patients. [3] [4] [5] [6] [7] The variable mutation prevalence seen across these studies is likely due in part to differences in the number of genes analyzed as well as potential founder effects, which may be particularly noticeable in single-institution studies where the study cohorts are presumably of more limited geographic and ethnic diversity. Other genes 1.4% BL bladder cancer, BR breast cancer, CO colon cancer, CN-LOH copy-neutral loss of heterozygosity, CNS brain tumor, CV cervical cancer, DCIS ductal carcinoma in situ of the breast, ESO esophageal cancer, GIST gastrointestinal stromal tumor, HN head and neck cancer not otherwise specified, KID kidney cancer, LG lung cancer, LK leukemia, LYM lymphoma not otherwise specified, MEL melanoma, NHL non-Hodgkin lymphoma, OV ovarian cancer, PAN pancreatic cancer, PDAC pancreatic adenocarcinoma, REC rectal cancer, SAC sarcoma not otherwise specified, SKIN skin cancer not otherwise specified, STO stomach cancer, UNK cancer with unknown primary site a Excludes nonmelanoma skin cancers 8, 32 Our findings build on these prior studies by exploring the superior survival outcomes among PDAC patients with P/LP germline variants, and also by examining paired somatic data, which may be particularly important in understanding the functional and therapeutic significance of germline variants in dsDDR genes.
A common finding among prior studies [5] [6] [7] [8] and verified in this analysis is that many PDAC patients with germline variants lack personal/family histories suggestive of inherited cancer risk. Although national guidelines for BRCA1/2 and Lynch syndrome testing mention PDAC as a component cancer, 2, 33, 34 our findings demonstrate that these syndromes only account for about one-third of germline alterations found in PDAC patients. These results suggest that the current standard of care of using high-risk clinical features to guide the use of syndrome-specific germline evaluation will fail to identify many PDAC patients and families with inherited risk. Assessing for hereditary cancer risk in PDAC patients is inherently different from doing so in individuals with breast, colorectal, and other types of cancer, because the aggressive natural history of PDAC may lead many patients to become seriously ill or die before they undergo genetic evaluation, unless testing is done promptly after diagnosis. 9 These findings support the notion that systematic multigene germline testing, 5 performed promptly at the time of initial diagnosis, 9 may indeed be the optimal means of identifying PDAC patients with inherited cancer susceptibility.
Our findings include the novel observation that PDACs from patients with germline P/LP variants, particularly those with germline dsDDR gene variants, were significantly more likely to arise in the tail of the pancreas, compared with individuals lacking germline variants. This observation should be assessed in other cohorts of patients with resected PDAC since primary tumor location would be important for surveillance strategies in at-risk individuals with germline dsDDR gene variants.
This study has several important strengths. This was a large, multicenter cohort of patients with resected PDAC, for whom extensive clinical data were collected and without preselection by age of diagnosis or personal/family cancer history. Furthermore, in contrast to other recent studies of multigene germline analysis in PDAC, we conducted paired somatic analyses, which may be critical in predicting efficacy of agents such as PARP inhibitors in individuals with germline dsDDR variants. Somatic second hits were identified in tumors from probands with germline alterations in genes not previously linked to PDAC risk (e.g., BRIP1, RAD51C), raising intriguing questions about whether such genes may play an etiologic role in PDAC. We also performed detailed survival analyses on individuals with and without germline cancer susceptibility gene variants, demonstrating germline status as a favorable prognostic factor in resected PDAC.
Limitations of this study also require consideration. All participants underwent PDAC resection and were recruited through academic medical centers. Therefore, our findings may not be fully generalizable to individuals with advanced disease or those seen in community practices. The heterogeneity of therapeutic regimens received by patients in this study limits the ability to draw firm conclusions about the predictive value of P/ LP germline variants in the setting of particular treatment regimens ( Figure S2 ). Evaluation of germline copy-number changes was not performed and thus a small number of patients with germline deletion or duplication events may have gone undetected. Although we were conservative with germline variant classification and adhered to ACMG guidelines, we acknowledge that some subjectivity is inherent to pathogenicity assessments, such as with the low-penetrance CHEK2 p.I157T alteration, which is classified as pathogenic in this analysis and by most commercial genetic testing companies. 35 Although one prior case-control study described a modest association between the CHEK2 p.I157T founder variant and likelihood of familial pancreatic cancer in Polish individuals, few data are available linking the common lowpenetrance variants identified in this study cohort (APC p. I1307K, CHEK2 p.I157T, and CHEK2 p.S428F) to PDAC risk, and whether such variants are causative of increased PDAC risk is unclear. 36 Furthermore, the absence of an identifiable somatic second hit in the PDAC tumor of several patients with P/LP germline variants and strong family cancer histories is somewhat surprising, although other recent studies have described similar phenomena across a spectrum of tumor types from individuals with P/LP germline variants. 37, 38 While our sequencing platform was specifically designed to maximize sensitivity for somatic pathogenic variants and copy-number changes, we cannot rule out the possibility that some somatic second hits may have gone undetected due in part to the abundant stroma and low neoplastic cell content that is characteristic of most primary PDAC tumor specimens. For the current study, when feasible, we have bolstered our somatic sequence analyses with orthogonal testing methods (e.g., IHC). For example, Patient 22 with a germline MSH2 variant and a striking personal and family history of Lynchassociated cancers had a PDAC that demonstrated MMR-D by IHC and MSI-H by polymerase chain reaction (PCR), providing compelling evidence for the presence of a somatic "second hit" even in the absence of a definitively identified somatic sequence alteration or copy-number change. On the other hand, patient 26 with a germline frameshift CDKN2A variant and a family history of melanoma and PDAC had a tumor with intact IHC for CDKN2A ( Figure S3 ), strongly suggesting preserved CDKN2A expression. Comprehensive functional and multiomic analyses, including methylation, RNA, and protein studies, 3 would be ideal for reconciling such discordances in PDAC patients with P/LP germline variants lacking obvious somatic second hits.
Germline testing costs continue to rapidly decrease, and data have demonstrated a greater than expected yield to systematic multigene testing in various clinical situations. 39, 40 The most prominent such scenario is in women with ovarian cancer, where the high prevalence of germline variants, the poor predictive value of age and personal/family history at identifying carriers, the disease's high lethality, and emerging therapeutic implications (e.g., platinum, PARP inhibitors) have prompted guidelines 33 to recommend germline testing of all women with ovarian cancer. This study demonstrates how germline cancer risk in PDAC closely mirrors these same features of ovarian cancer, supporting the recent assertion 5 that systematic multigene germline testing should be considered for all PDAC patients, regardless of age or family history. 9, 14 To maximize the potential value of such a practice, however, it will be critical to better understand how germline variants correspond with somatic and functional data (e.g., HR deficiency assays) in predicting therapeutic response to agents such PARP inhibitors, immune checkpoint inhibitors, and other novel agents.
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